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Abstract 

In addition to the E2/M1 ratio of the N — > A transition, the electromagnetic polar- 
izabilities and spin-polarizabilities are important structure constants of the nucleon which 
serve as sensitive tests of chiral perturbation theory and of models of the nucleon. Recently, 
f--*) ■ these quantities have been investigated experimentally at MAMI (Mainz) by high-precision 

| Compton scattering using hydrogen and deuterium targets, where for the latter the method 

of quasi-free scattering has been applied. 
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1 Introduction 



Compton scattering is an excellent tool for studying the electromagnetic structure of the 
nucleon. This process supplements on information about photoexcitation of the internal 
degrees of freedom of the nucleon as contained in the amplitudes for meson photoproduc- 
tion and supplies specific two-photon structure constants of the nucleon as there are the 
electric and magnetic polarizabilities a and (3, respectively, and the spin-polarizabilities 70 
and 7,,- for the forward and backward directions, respectively. These two-photon structure 
constants are special cases of the invariant (LPS) pQ amplitudes Ai(y, t) (i = 1 ■ ■ ■ 6) which, 
£C} ' therefore, may be considered as generalized polarizabilities. One motivation for investigat- 

ing the generalized polarizabilities A\ is that insight is obtained into the physical nature of 
the two-photon structure constants. Specifically, t-channel phenomena may be investigated 
as there are the a meson contribution to a — f3 and the ir°, r\ and 77' meson contributions 
to 7^.. While the t-channcl part of 7^ appears to be well understood, the corresponding 
part of a — (3 is still under investigation and especially awaits consideration in chiral per- 
turbation theory. Recently, deuteron targets have been used in measurements of quasi-free 
Compton scattering by the nucleons [21 El bound in the deuteron, thus leading to the first 
precise results for the polarizabilities of the neutron. In contrast to the competing methods 
of electromagnetic scattering of neutrons in a Coulomb field and coherent elastic (Compton) 
scattering of photons by the deuteron where model uncertainties cannot be excluded, the 
method of quasi-free scattering has been tested and found valid through free and quasi-free 
Compton scattering experiments on the proton. 

2 Polarizabilities and invariant amplitudes 

In the extreme forward (8 = 0) and extreme backward directions (9 = n) the amplitudes for 
Compton scattering may be written in the form 0j 

T LAB (0 = O) = f (u)e'-e + g (uj)ia-(e'xe) 

T lab (9 = tt) = U(u;)e'-e + g^)ia-(e'xe). (1) 

where f(u>) — l/2{T 1 / 2 + T 3 / 2 } correspond to the case where the initial-state and final-state 
photons have parallel linear polarization and g(u>) — l/2{7\/2 — ^3/2} to the case where 
these photons have perpendicular linear polarization. The relations between the amplitudes 
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/ and g and the invariant (LPS) U amplitudes A 4 are 0] 
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For the polarizabilities we obtain the relations 

a + (3 = - i- [Af (0, 0) + Af (0, 0)] , a - /3 = [Af (0,0)], 
70 = 2^ [^ B (°'°)] - 7. = [Af (0,0) + Af (0,0)] , 



(3) 



where Af are the non-Born parts of the amplitudes Aj. 

Measurements of spin independent and spin dependent total photoabsorption cross sec- 
tions have been carried out. Using the sum rules 
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a + (3 = I vtot(u)— and 70 = 



Air 2 



CT1/2M - O3/2M 
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respectively, the following results have been obtained H3 [7] 

a p + P p = 14.0 ±0.3, a n + f3 n = 15.2 ±0.5, 7^ = -0.86 ± 0.13 (5) 

in units of 10 _4 fm 3 for polarizabilities and 10~ 4 fm 4 for the spin polarizabilities. The number 
given for the spin polarizability 7q P -* contains sizable corrections for low and high energy 
contributions not covered by the experiment, the errors of which have not been taken into 
account. 



3 Asymptotic amplitudes 

According to the Landau- Yang theorem 8] particles with J PC = ++ , 2 ++ ,4 ++ , • ■ • decay 
into two photons with parallel directions of linear polarization and particles with J PC = 
*~, 2 ^,4 '"j • ■ • into two photons with perpendicular directions of linear polarization for 
the case of total helicity A = A 72 — A 7l = 0. This leads to the conclusion that mainly the 
fi(600) meson may be a t— channel contribution to / ff (w), whereas mainly the 7r(135), t/(547) 
and 7/ (958) mesons may be t— channel contributions to g-n (<*>)■ For the case of total helicity 
A = A 72 — A 7l = 2 the corresponding quantum numbers are J PC = 2 ++ ,4 ++ ,6 ++ , • • • and 
jPC = 3++^ 5++^ 7++^ . . From this it may be concluded that the Pomcron V, the / 2 (1270) 
and the 02 (1320) are t— channel contributions to foiui) which are used to parametrize the 
total photoabsorption cross section based on a Regge ansatz and, thus, are already taken care 
of by the s— channel. A natural extension of these considerations is that J PC = 3 ++ mesonic 
or gluonic intermediate states may be t— channel contributions to the Gerasimov-Drell-Hearn 
[5] amplitude go(u)). 

4 Results of Compton scattering by the proton and the 
neutron 

The four polarizabilities are defined for the forward (9 = 0) and backward (8 = tt) 
directions and for low energies. Experiments, however, require intermediate angles and 
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energies where the terms of higher order in ui are not negligible. Therefore, the Compton 
scattering process has to be investigated in general. In the second resonance region and at 
backward angles the data mainly serve as a test of the er-pole ansatz 1 for the asymptotic 
part of /rr and for the determination of the relevant mass-parameter m a of this ansatz. 
A good fit to the data of the second resonance region is obtained if a parameter of 

m a = 600 MeV is applied. This result appears to be quite satisfactory because this number is 
in agreement with results of other investigations. Nevertheless, more precise data extending 
to higher energies and disentangling the amplitudes /„■ and g x via polarized photons would 
be desirable. This makes Compton scattering in the second resonance region an ideal project 
for the polarized photon beams at the 1.5 GeV accelerator MAMI C (Mainz) and at GRAAL 
(Grenoble). 

Compton scattering by the proton at energies below 7r threshold using the large-angle 
arrangement TAPS led to a determination of a p — P p with unprecedented precision |12 |. The 
result obtained 

a p - /3 P = 10.5 ± 0.9(stat + syst) ± 0.7(model) (6) 

serves as a standard input for all analyses of Compton scattering by the proton in terms of 
dispersion theories. 

Precise results for the electromagnetic polarizabilities of the neutron have been obtained 
for the first time in a recent experiment on quasi-free Compton scattering by the neutron 
carried out using the large Mainz 48 cm x 64 cm Nal(Tl) detector and the Gottingen 
segmented neutron detector SENECA in coincidence. Furthermore, quasi-free Compton 
scattering by the proton and Compton scattering by the free proton have been analyzed as 
tests of the method. As a byproduct the experiment carried out for the free proton served 
to determine the spin polarizability 7^ leading to |13| 

7 W = (-38.7 ±1.8). (7) 

(p) 

The essential conclusion drawn from this result is that the spin polarizability 7^ is in 
agreement with the prediction of dispersion theory J3J and not in strong disagreement as 
observed in Therefore, for the analysis of the quasi- free double differential cross sections 
for the neutron shown in the left panel of Fig. 1 we also may assume, that 7^ is in agreement 
with the prediction of dispersion theory, leading to the value given in the figure caption. The 
fit to the double differential cross sections then led to the result 

a n - p n = 9.8 ± 3.6(stat)±^(syst) ± 2.2(model). (8) 

(n) 

It is of interest to note that the number adopted for 7^ is confirmed by the experiment as 

(n) 

is shown in the right panel of Fig. 1 where the two parameter a n — p n and 7^ are varied 
independently. Making use of the \ 2 distribution we arrive at 

ji n) = 58.6 ± 4.0. (9) 



A summary of the status of electromagnetic polarizabilities is given in the followig table. 
The experimental data for a, p and 7^ are due to recent experimental work carried out at 
MAMI using LARA [TUJ [TT], TAPS [IJ| and the large Mainz NAI(Tl) combined with the 
SENECA detector [2 EH- The value for 77r (i — channel) is based on the prediction provided 
by i|lU|) . the two values for 7^(5 — channel) labeled "present work" and "sum rule" on 111|) 
and 1|12|) . respectively: 
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Figure 1: left: Triple differential cross section for Compton scattering by the neutron compared 
with prediction using a n — (3 n = 9.8 x 10~ 4 fm 3 and 7^ = 58.6 x 10~ 4 fm 4 . right: \ 2 an d a n — fin 

(n) 

versus 7^ 



Table 1: Summary of polarizabilities of proton and neutron 







proton 


neutron 




a 




12.2 ± 0.6 


12.5 ± 2.3 


experiment 






1.8 + 0.6 


2.7 + 2.3 


experiment 


7tt 




-38.7±1.8 


+58.6+4.0 


experiment 


7tt 




-39.5+2.4 


+52.5+2.4 


sum rule [TBI 


7»r(t 


— channel) 


-46.6 


+43.4 


vr u + rj + if 


7tt(s 


— channel) 


+7.9 ± 1.8 


+15.2+ 4.0 


present work 


7tt(s 


— channel) 


+7.1 ± 1.8 


+9.1+ 1.8 


sum rule (HO 



where A™* denotes the integral part of the amplitude and P n = ±1 the relative parity of the 
final state n with respect to the target |15| . 

There is good agreement between the present work and the sum rule prediction |15| 
for 7^ (s — channel) in case of the proton but some discrepancy between the corresponding 
numbers obtained for the neutron. We believe that this discrepancy is caused by internal 
inconsistencies of the photomeson amplitudes available for the neutron. 
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